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Abstract
Microsatellites were designed and characterized in the African fruit tree species Dacryodes edulis (Burseraceae). The fruits 
are commercialized throughout Central Africa and the species is present in forested environments as well as cultivated 
systems. The high variability of these markers makes them suitable to investigate the structure of genetic diversity in this 
important food tree species from Central Africa. From a genomic library obtained by next-generation sequencing, 21 new 
polymorphic microsatellite loci were developed. Tested on 95 individuals from four populations coming from three countries 
of the Congo Basin, the microsatellites displayed two to 20 alleles (mean 7.5; expected heterozygosity 0.003 to 0.937, mean 
0.666). The transferability of microsatellites was effective for four other Dacryodes species (D. buettneri, D. igaganga, D. 
osika, D. pubescens). This set of newly developed microsatellite markers will be useful for assessing the genetic diversity 
and differentiation as well as gene flow patterns of D. edulis in tropical forests from Central Africa.
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Introduction
Dacryodes Vahl (Burseraceae) is a pantropical genus com-
prising around 90 species [1]. Among African Dacryodes 
spp., D. edulis (G. Don) H. J. Lam is a fruit tree species 
indigenous to tropical forests from the Congo Basin [2]. 
Its current distribution area is not restricted to tropical 
forests anymore, since it is an agriculturally significant 
species now widely cultivated in agroforests and orchards 
[3]. Six microsatellite markers (Simple Sequence Repeat, 
SSR) had already been developed [4] and used to study the 
genetic diversity of D. edulis and D. buettneri [5]. Given 
the low number of SSR available, new markers were devel-
oped in order to investigate the distribution of its genetic 
diversity at a local and a supraregional scale, its repro-
ductive biology and to examine the influence of human 
uses on its genetic diversity. In this aim, we developed 21 
polymorphic nuclear microsatellite markers.
Methods and results
Microsatellite development
DNA of one individual collected in the IRAD station in 
Yaoundé was extracted from a leaf according to the pro-
tocol of Mariac et al. [6]. A barcode library from this 
sample was prepared as described in Mariac et al. [7] and 
then paired-end sequenced using Illumina MiSeq v2 rea-
gents and 2 × 250 bp at the CIRAD Genotyping Platform 
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(Montpellier, France). Demultiplexing based on internal 
index was performed using the PYTHON script DEMUL-
TADAPT (https ://githu b.com/Maill ol/demul tadap t) and 
adapters were removed using CUTADAPT 1.8 [8] with 
the following parameters: overlap length = 7, minimum 
length = 35 and quality = 20. Reads with a mean qual-
ity lower than 30 were discarded using a freely avail-
able PERL script (https ://githu b.com/South Green Platf 
orm/arcad -hts/blob/maste r/scrip ts/arcad _hts_2_Filte 
r_Fastq _On_Mean_Quali ty.pl). The 454 026 total reads 
were deposited into GenBank SRA under SRA acces-
sion PRJNA601870. Paired-end reads were then joined 
(N = 144 096) using FLASH v1.2.11 [9]. QDD software 
v3.1.2 [10] was used with default setting to identify 
nuclear SSR motifs and design primers. From the 1486 
SSR identified, 46 loci were selected containing perfect 
(i.e., not compound) microsatellite dinucleotide motives 
with at least seven repeats, with primers situated at least 
20 bp from the microsatellite region, and with PCR prod-
uct length between 90 and 300 bp (see Supplementary 
Material for the 46 primer sequences obtained). One out 
of four tails with fluorochromes (Q1-6-FAM, Q2-NED, 
Q3-VIC, Q4-PET; Table 1) was added to the 5′ end of the 
forward primer of each locus according to locus size in 
order to allow co-amplification of the loci in multiplex. 
Having tested the amplification and polymorphism of the 
46 loci on six D. edulis individuals, we kept the 21 SSR 
that amplified correctly, displaying clear peak patterns and 
that were polymorphic. Sequences from these new loci 
were deposited in GenBank (Table 1).
DNA extraction and PCR conditions
The DNA of 112 individuals (95 D. edulis, 5 D. buettneri, 
3 D. igaganga, 4 D. osika and 5 D. pubescens) was 
extracted from dried leaves using an adapted version of 
the protocol of Mariac et al. [6]. The 21 SSR markers 
were amplified in four multiplex reactions (composition 
of multiplexes indicated in Table 1). Each multiplex PCR 
reaction consisted of 0.15 μL for each of the forward prim-
ers [10 µM], 0.1 μL of the reverse primers [10 µM], 0.15 
μL of each linker (Q1–Q4) [10 µM], 1 µL of DNA (10 ng/
µl), 7.5 µl PCR Master Mix (Type-it Microsatellite, Qia-
gen), and was brought to a total volume of 15 µL with dis-
tilled water. PCR were conducted using a thermal cycler 
Veriti™ 96-Well (Thermo Fisher Scientific) as follow: pre-
denaturation at 95 °C for 3 min then 30 cycles consisting 
of a denaturation step at 95 °C for 30 s, annealing at 57 °C 
for 90 s, elongation at 72 °C for 30 s, followed by 10 simi-
lar cycles except for the annealing temperature that was set 
to 53 °C, and a final extension at 60 °C for 30 min. Using 
2 µL of PCR product, 10 µL of Hi-Di Formamide (Applied 
Biosystems, Thermo Fisher Scientific), and 0.12 µL of 
GeneScan 500 LIZ Size Standard (Applied Biosystems, 
Thermo Fisher Scientific), the genotypes of all samples 
were obtained using an ABI 3500 XL sequencer (Applied 
Biosystem, Foster City, California, USA) at the CIRAD 
Genotyping Platform in Montpellier. Electropherograms 
were visualized and scored with Geneious software ver-
sion 7.1.3 (https ://www.genei ous.com).
Fifteen loci showed a maximum of two different alleles 
(diploid pattern). Microsatellites DaE-37 and DaE-46 pre-
sented an extra monomorphic band at 165 bp and 227 bp 
respectively, whereas DaE-5, DaE-10, DaE-13 and DaE-
30 showed a pattern of duplicated locus. The two dupli-
cated copies of these loci were thus read independently 
(see details in Tables 1 and 2). Note however that one of 
the two copies of DaE-13 was not readable and was not 
included in the analysis.
For each locus, we determined the number of alleles 
(A), observed heterozygosity (Ho), expected heterozy-
gosity (He), inbreeding coefficient (F), and null allele 
frequency (r) using INEST 2.2 [11]. Deviations from 
Hardy–Weinberg equilibrium (HWE) were measured with 
SPAGeDi [12]. The different parameters were estimated in 
four populations from three countries: Cameroon (Manjo, 
Yaoundé), Gabon (Franceville), and Congo (Brazzaville) 
(Appendix). The transferability of the markers was tested 
in four species of the genus: D. buettneri, D. igaganga, D. 
osika and D. pubescens.
Microsatellite marker analysis in D. edulis
When combining all loci and populations, all the loci were 
polymorphic, except for the first copy of DaE-10, DaE-
10.1 presenting two constant alleles (at 107 and 109 bp). 
The number of alleles per locus ranged from 2 to 20, with 
the mean value of alleles per population ranging from 6.5 
to 8.4. The mean HE value per population was very similar 
between populations (comprised between 0.66 and 0.68; 
Table 2). Significant deviation from HWE was observed 
in all populations for three loci (DaE-5, DaE-20, DaE-36), 
and for seven other loci in one or more populations. This 
is in great part explained by the presence of null alleles 
(Table 2).
Cross‑amplification in D. buettneri, D. igaganga, D. 
osika, D. pubescens
Transferability of all markers was successful in all four 
Dacryodes species tested (Table 3). Despite low sample 
numbers, most of the markers were polymorph in these 
species.
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Table 1  Characterization of 21 microsatellite loci developed for Dacryodes edulis 
The allele size range for each duplicated copy is indicated on two different lines
a Q1 = TGT AAA ACG ACG GCC AGT [13]; Q2 = TAG GAG TGC AGC AAG CAT; Q3 = CAC TGC TTA GAG CGA TGC; Q4 = CTA GTT ATT GCT 
CAG CGG T (Q2–Q4, after Culley et al. [14])
b Number of repeats found in the clone that corresponds to the accession number
c Duplicated loci




Primer sequences (5′–3′) Fluorescent  labela Repeat  motifb Allele size range (bp) GenBank Acc. No
Multiplex 1 DaE-14 F: GGC GGC CAT GTT TGT GAA AT Q3-VIC (AT)8 128–134 MN601769
R: TAC GTA ACG GCG ATT CAG TTT 
DaE-24 F: AGG CGT AGA AAT CCC ATC CA Q4-PET (AT)8 157–171 MN601774
R: ATC TCC AGG AAC GGT TGA CT
DaE-34 F: TGT GTT TCT TCC GCC TCA CA Q3-VIC (AT)7 172–180 MN601779
R: ATG AAC TGC AGC CTC AAA CG
Multiplex 2 DaE-5c F: AGG ATG TTG GTC TGT TGG TGG Q1-6-FAM (AT)8 100–106 108–140 MN601765
R: TGG CAG AGG AGA GGA TAA GCA 
DaE-7 F: AAG AAG GCA AGG CAA CAC C Q4-PET (AG)8 111–131 MN601766
R: CAG AGC ACA CTG TAC TGG CA
DaE-10c F: ACT TGA GCA TGC GTA AAT GTCA Q2-NED (AG)9 107–109
119–125
MN601767
R: AGG CTG TAT GGG ATT GGG AAC 
DaE-28 F: CAG AGG TGG GAA TCT TAA 
GCCA 
Q1-6-FAM (AG)15 153–163 MN601776
R: AAC ACT GCT TCA GCT TTC AGA 
DaE-37d F: ACG TGC TCT TCC TGA CAC TC Q2-NED (AG)14 177–213 (165) MN601781
R: ACC ATG ATT TAC CCA CAG GACT 
DaE-39 F: ACC CAT TTG AGC TCA TTT GACA Q4-PET (AT)16 172–206 MN601782
R: TGC CAC TGG GAG TAG AAG AGT 
Multiplex 3 DaE-13 F: ATG GCC ATT CTC ACA CCT GG Q2-NED (AT)7 128–134 MN601768
R: ACA GTT GAT TTC CAT TCC ACCC 
DaE-19 F: GCA AGA TTG TGG TGT TGC TGT Q1-6-FAM (AAC)9 122–147 MN601771
R: GTG ACT CGG AGA AAG CGG TT
DaE-27 F: TTC AAT ATT GTG GCT GGT CCCA Q4-PET (AG)15 155–199 MN601775
R: TCA GCT CTC AGA CAA AGG CA
DaE-30c F: ACA CTC CTG CAA GGT CAA CA Q3-VIC (AT)12 154–162
164–176
MN601778
R: AGC ACT CCT AAT GCC CTC AA
DaE-36 F: TCA TTG AGC CAC AAG GGA AC Q1-6-FAM (AT)10 170–222 MN601780
R: ACA GAG GAG TGT GAT CGA AGA 
DaE-41 F: TGG TTA CTT CAA GCA CAG AGAC Q2-NED (AT)11 201–243 MN601783
R: CTG CAA TAT CGA TGC CTC TTCT 
DaE-46d F: GCT CCA CTT CCA CTA GGC TT Q3-VIC (AT)10 237–291 (227) MN601785
R: GCC GAC CAA GCC TCT TTG AT
Multiplex 4 DaE-16 F: CTA CTC GTG ACT GCT CTT GC Q3-VIC (AG)20 112–146 MN601770
R: GGA ATG ACC GTG TTG TTT GGG 
DaE-20 F: AGA TCC CTC TGA ATC CCT GATT Q1-6-FAM (AT)9 135–185 MN601772
R: TCA TGT CTT CCC TCT TTA GGCT 
DaE-23 F: CAG CGA ACC CAT GTC AAA CG Q4-PET (AG)13 136–238 MN601773
R: TCC TCA AAG CTA CCC TAT CCCA 
DaE-29 F: AGG AGA ATC TTG GCA CCG AA Q2-NED (AG)15 148–178 MN601777
R: AAC TGC AGT TGG TCA CCC TC
DaE-42 F: AAG GAA TTG TGG GTG GTG GG Q3-VIC (AT)7 206–238 MN601784
R: AGT GGT TAT ATC GTC CGG TGT 
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Conclusions
In this study, we developed 21 new polymorphic micros-
atellite markers for the food tree species Dacryodes edu-
lis. The study of intraspecific genetic diversity at different 
geographical scales, as well as the study of species’ pat-
terns of gene flow will be facilitated using these mark-
ers. The high success rate of transferability to four other 
Dacryodes species will also be helpful for conducting 
genetic studies within the genus.
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Appendix
See Table 4.
Table 3  Cross-amplification of the 21 new microsatellite loci in four 
other African Dacryodes species (range specified)









DaE-5.1 100–106 100 100 100–106
DaE-5.2 108–138 110–136 110–138 108–136
DaE-7 119–147 113 113–119 113–131
DaE-10.1 128–130 128–130 128–132 126–130
DaE-10.2 119–121 121–125 119–123 119–125
DaE-13.1 128–130 128–132 128–130 126–132
DaE-14 128–148 128–130 128–132 128–134
DaE-16 118–126 122–142 128–150 118–138
DaE-19 134–141 128–137 134–137 128–141
DaE-20 153 149–177 123–157 143–153
DaE-23 146–160 146–200 156–210 146–174
DaE-24 161–167 159–169 159–165 161–169
DaE-27 147–167 161 155–177 127–161
DaE-28 153–167 153 153–177 153–165
DaE-29 156–164 164–180 148–176 156–176
DaE-30.1 154–162 158–162 154–162 154–160
DaE-30.2 164–176 168–170 166–168 164–168
DaE-34 173–192 173–178 173–178 173–175
DaE-36 174–202 198 172–212 168–180
DaE-37 177–189 183–185 183–191 175–189
DaE-39 176–198 184–192 178–192 176–188
DaE-41 213–227 199–223 199–231 199–225
DaE-42 204–206 206–212 206–224 206–218
DaE-46 235–275 239–295 241–245 225–251
Table 4  Locality information 
for the samples used in this 
study
a Voucher deposited at the BRLU Herbarium and the National Herbarium of Congo, Brazzaville
Species n Country Latitude Longitude Voucher
Dacryodes edulis 30 Cameroon (Manjo) 4.84343 9.83707
29 Cameroon (Yaoundé) 3.87738 11.47541
15 Gabon (Franceville) −1.63520 13.56843
21 Republic of the Congo (Brazzaville) −4.30934 15.20149
Dacryodes buettneri 1 Cameroon 2.25808 10.54562
1 Republic of the Congo −3.81799 12.55043
1 Republic of the Congo −3.49708 12.30486
1 Republic of the Congo −3.14263 13.09311
1 Republic of the Congo −3.34388 13.24865
Dacryodes igaganga 3 Cameroon 3.47259 13.46815
Dacryodes osika 2 Democratic Republic of the Congo 0.29292 25.33752
2 Democratic Republic of the Congo 0.76250 24.48694
Dacryodes pubescens 1 Republic of the Congo −2.84745 11.81680
1 Republic of the Congo −4.23016 12.42850
1 Republic of the Congo −4.30876 12.45035
2 Republic of the Congo −4.37212 15.17061 ESM1390a
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